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In response to the needs of increasing the usability of the wire-arc additive manufacturing 
process(WAAM) and offering an innovative way of producing Cu-Al alloys with 
controlled chemical compositions, the present research has applied the WAAM process 
in Cu-Al alloy with targeted 9 at. % Al content on pure copper plates. After overcoming 
several processing problems such as opening the deposition molten pool on the extremely 
high-thermal conductive copper plate and conducting the Al wire into the molten pool 
with very low feed speed, the copper rich Cu-Al alloy has been successfully produced 
with constant pre-designed Al content above the dilution affected area. Also, in order to 
homogenize the as-fabricated material and improve the mechanical properties, two 
further homogenization heat treatments at 800 C and 900 C have been applied. The 
material and mechanical properties of as-fabricated and heat-treated samples have been 
compared and analyzed in detail. With increased annealing temperatures, the content of 
precipitate phases has decreased, and the samples have shown obvious improvements in 
both strength and ductility with little variation in microstructures. The present research 
opened a gate for in-situ fabrication of Cu-Al alloy with target chemical composition and 
full-density using additive manufacturing process. 
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Chapter 1 Introduction 
 
1.1 Research background 
 
Cu-Al series alloys have continuously been desired for the applications in fossil energy 
pipelines and certain parts (such as propellers, valves and laminated plates) in 
shipbuilding industries, due to its outstanding wear and corrosion resistance in highly 
corrosive environments [1]. As the solid solution element in the Cu-Al alloy, Al element 
mainly helps to increase the formation of deformation twins and dislocation density 
during the deformation twinning process [2], which intrinsically refines the grain size and 
optimizes the mechanical properties, such as hardness and yield strength of the Cu-Al 
alloy [3]. Researches of the Cu-Al alloy have focused on improving the strength of the 
material by optimizing the crystal structures to reducing the stacking fault energy inside 
the material using: micro-alloying elements such as Ni, Zr, Cr and Ag (more references 
needed) [4]; and plastic deformations such as cold rolling, equal-channel angular pressing 
and high-pressure torsion. 
 
In recent years, binary Cu-Al alloy in which Al content ranges between 0 at.% to 16.8 at.% 
(fcc α-phase region) has gained considerable attentions, since the deformation twinning 
mechanism in these alloys has generated special phenomenon that the ductility of gradient 
structured Cu-Al first increases then decreases with decreasing stacking fault energy [5-
7]. Also, this solid solution α-phase Cu-Al alloy is used as the material to further 




Currently, the Cu-Al alloys are mainly produced using powder metallurgy processes 
such as laser beam melting [7], arc furnace melting [5] and ball milling [9, 10]. 
Although powder based technology is capable of fabricating small sized components 
with good accuracy [11], the metallic powder should be melted or mixed in a sealed 
chamber with shielding gas or even vacuum, which requires expensive hardware. In 
addition, these processes lack the flexibility of producing complex geometries and tends 
to generate defects such as un-melted particles, and micro-cracks. Therefore, an 
alternative manufacturing process is highly expected for the wider applications of Cu-Al 
alloys. 
 
In the present work, the Wire-Arc Additive Manufacturing (WAAM) process is adopted 
to produce target Cu-Al alloy. WAAM system, using either gas tungsten arc welding 
(GTAW) or gas metal arc welding (GMAW) as heat source, produces components in a 
layer-by-layer manner. The shielding gas ensure that the sample is isolated with 
atmospheric air. The protection guarantees the purity of raw material especially for the 
copper and aluminium which are known as active metal [12]. 
 
As a type of rapid prototyping (RP) method, WAAM has gained increasing research 
interests due to its low material and production cost and its capability of producing very 
large part with medium complexity [13]. Particularly for the aerospace industry which 
suffers from high buy-to-fly ratio and has high mechanical quality requirements, the 
WAAM technology becomes attractive candidate process [14], as it is capable of 
producing full-density components. Compared to GMAW system, the GTAW system 
was applied in our work as the power source due to its more stable arc and less inclined 
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to generate spatter when producing a wide range of non-ferrous alloys and their 
combinations [15]. 
 
To date, the WAAM process has been successfully applied to in-situ fabricate Ti-Al 
[16] and Fe-Al [17] series alloys with pre-designed chemical compositions and 
dimensions. And the feasibility of the present process fabricating the target material has 
been basically proved. However, different from the fabrications of Ti-Al and Fe-Al 
series alloys, which both have used relatively low thermal conductive pure Ti plate and 
steel plate as the buildup substrate [18, 19], the fabrication of Cu-Al alloy would have to 
use copper plate as the substrate, which has extremely high thermal conductivity. It 
would be significantly difficult to generate the molten pool for the buildup depositions, 
since the intrinsic high thermal conductivity of copper plate would make it very hard to 
accumulate enough thermal energy on the certain deposition point and melt the 
substrate material. Therefore, in addition to the general parameters such as deposition 
current, voltage and wire feed speed of filler material, the pre-heating temperature, 
interpass temperature and probably substrate dimensions would significantly influence 
the qualities of target Cu-Al alloy. In order to understand and mature the WAAM 
process on Cu-Al alloys, further experimental investigation on the material and 
mechanical properties of additive manufactured Cu-Al alloy is desired. 
 
1.2 Aims and objectives 
 
The main objectives of the present research subject are: 
 
(i) the feasibility study of manufacturing Cu-Al alloy using WAAM process with 
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two independent wire feeders to achieve desired chemical composition 
through controlling the transforming speed of each wire. 
 
The feasibility of WAAM in copper rich Cu-Al alloy fabrication is investigated by 
fabricating a 15-layer build-up wall by controlling the parameters of deposition 
processes. The composition and phase characters will be presented to prove the 
feasibility. 
 
(ii) investigation on the material and mechanical properties of the buildup Cu-Al 
material 
 
In order to exhibit the properties of Cu-Al alloy fabricated by WAAM system, the 
microstructure will be observed and hardness test and tensile test were used to show the 
mechanical properties of welded Cu-Al alloy. 
 
(iii) finding the appropriate heat treatment method to homogenize the material 
properties of the deposited material. 
 
Considering the segregation in welding process, this work compared the as-fabricated 
sample with the annealed specimens. The annealing temperature was set at 800C and 
900C respectively. 
 




In present research, wire arc additive manufacturing instead of conventional powder 
metallurgy process is applied to fabricated Cu-Al alloy. The experimental results of the 
reproducible Cu-Al build-up wall prove the feasibility of WAAM system to fabricate 
Cu-Al binary alloy with pre-designed chemical compositions. The appropriate 
parameters for Cu-Al alloy is provided to deposit 15-layer wall. Additionally, by 
discussing the annealing process, the segregation existing in as-fabricated welded wall 
is eliminated. Comparing the as-fabricated and annealed sample shows the increase of 
mechanical properties of Cu-Al buildup wall and the decrease of content of impurity.  
 
Thus, the present study mainly proves that the WAAM process is capable to fabricate 
Cu-Al alloy with full density which is a necessity for structure materials initially. 
Secondly, by providing the specific welding parameters, the application of WAAM is 
also broaden. Finally, homogeneous annealing process is demonstrated for improving 
the mechanical properties of Cu-Al alloy. 
 
1.4 Thesis outline  
 
This chapter introduces the research background, the research objectives and the 
contributions of present work. The rest of thesis is divided into 7 section. 
 
In Chapter 2, a literature review shows comprehensive knowledge in current state 
related to the research subject. Firstly, the design of fabricating system such as the 
categories of AM processes and the differences between wire feed and powder based 
are discussed. Secondly, the controlling of WAAM parameters including selection of 
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power source, arc voltage (arc length), welding current, welding speed and wire-feeding 
rate is demonstrated. Then, the fundamental knowledge of copper and Cu-Al binary 
system is exhibited. Ultimately, the influence of heat treatment and generating twin 
crystal in Cu-Al solid solution is explained. 
 
The experimental setup in present research is exhibited in Chapter 3, which includes the 
hardware setup, specific welding parameters and the sample preparation process. In 
addition, the equipment utilized in present study is also presented. 
 
In Chapter 4, the microstructure, macrostructure and phase characterization of as-
fabricated sample and annealed sample is illustrated. The typical columnar grain is 
shown in the deposition wall. The reason why the annealing twin acquired in the top 
region of annealing sample is explained. Furthermore, the principle of XRD and the 
XRD testing machine is presented while the transformation of phase after annealing 
process is demonstrated.   
 
In order to prove the feasibility of WAAM process, Chapter 5 shows the composition of 
aluminium in build-up wall. The hardness of three type of specimens, as-fabricated 
sample, annealed at 800C sample and annealed at 900C sample are compared at the 
same time. 
 
Tensile testing is discussed in Chapter 6, which mainly introduce the principle of 
tension test and the tension testing machine. Subsequently, as-fabricated sample and the 
sample annealed at 900C will be compared in the tensile testing result including tensile 
strength (UTS), 0.2% offset yield strength (0.2%YS) and the elongation and the 
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morphology of fracture surface. 
 
Chapter 7 shows the primary findings of this wok and makes recommendations for the 




Chapter 2 Literature Review 
 
2.1 Process design 
 
Copper rich Cu-Al alloys have drawn great attention because of its excellent physical 
and chemical properties, good corrosion resistance and low material cost [20]. Based on 
that, aluminium bronze is widely utilized in the general sea water-related service, water 
supply, oil and petrochemical industries, specialized anti-corrosive applications and 
certain structural retrofit building applications [21]. In previous works, researchers 
mainly focused on studying the special properties of Cu-Al solid solution with low 
stacking faults energy, especially the creep phenomenon [22], cyclic hardening behavior 
[23], stress corrosion cracking of twist boundary [24] and deformation mechanism [25]. 
Moreover, in the mentioned researches, the content of aluminium which is lower than 
16 at. % gained more interests. According to the Cu-Al equilibrium diagram, while the 
content of Al is lower than 16 at. %, homogeneous alloys structure is created by  solid 
solution crystals with body centered cubic lattice. Casting and powder metallurgy such 
as vacuum melting was used to produce Cu-Al sample. However, as the high oxidability 
of both copper and aluminium, conventional casting of Cu-Al alloys is inapplicability. 
In terms of powder metallurgy, expensive processes such as hot isostatic pressing to 
achieving full density and vacuum chamber for electron beam are required. Thus, 





Figure 2. 1 Cu-Al system equilibrium phase diagram [26] 
 
2.1.1 Additive manufacturing 
 
Considering the high oxidability of Cu-Al alloy as well as the manufacturing trend of 
free-forming processes, additive manufacturing (AM) is an ideal candidate for 
manufacturing Cu-Al alloy with high quality. The first form of AM is creating a three-
dimensional object layer by layer using computer-aided design (CAD), which was 
developed in 1980 by Hideo Kodama of Nagoya Municipal Industrial Research Institute 
[27]. AM actually is called by a joint name of rapid prototyping and rapid 
manufacturing but not a single technology concept. The innovation of these 
technologies was even recognized as the signal of the beginning of the third industrial 
evolution.  
 
The advantage of RP contained time and cost reduction, human interaction, and 
consequently the product development cycle, also the possibility to create any shape 
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which is difficult for the manual fabricating [28]. Moreover, compared with the 
conventional manufacturing processes, AM is capable to fabricate components with 
more complicated geometries and competitive properties [29]. Thus, the application of 
this advanced technology is utilized in a wide range of area and the growth rate (around 
24.1% in 2010) of AM applied in industry increased significantly [30]. 
 
The AM process can be divided into three part according to the type of raw material, 
including liquid based such as melting and polymerization, solid based like laminated 
object manufacturing (LOM) and powder based such as melting and binding. The 
liquid- and powder-based processes seem more promising than solid-based processes of 
which LOM is the predominant one nowadays. In 2004, electron beam melting(EBM), 
Prometal, laminated engineered net shaping (LENS), and Polyjet were not existent [31]. 
These technologies were first created to produce models, but they have expanded since 
then. A survey made by Wohlers presents 24 manufacturers participated and so did 65 
services of more than 5000 users and costumers [32]. 
 
In terms of the specific application area, additive manufacturing technologies are 
capable to produce material with lighter structure which to some extent can reduce the 
weight of material. In this respect, it has gained more and more attentions in the 
aerospace industry which has high mechanical quality and low weight requirements as 
the component in aerospace industry suffers from high buy-to-fly ratio. Additionally, the 
advantage that AM is feasible to reproducing difficult-to-find part is appealing for the 
designers in the automotive industry. For instance, fabricating the parts for classic car 
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with high quality and accuracy was realized in previous work [33]. Moreover, additive 
manufacturing also contributes to the medical and art fields. Specifically, up to date, 
AM is possible to make a precise model of bone and accurate transplant with 
complicated structure before a surgery. Architects can utilize additive manufacturing to 
create 3D models for civil project. 
 
By contrast, there are still some technical challenges to be solved although AM is 
promising in a wide range of area. Previous work detected the strength of products 
made by additive manufacturing. For example, as the powder-raw material is hard to 
melt absolutely, hole or even the cavity exists in the as-fabricated part, which would 
result in the brittleness of material. Furthermore, because of the restriction of machine 
for AM, it is not capable for every kind of common material especially metal. Even for 
the available materials, the standard such as parameters for various process in modern 
industry should also be accomplished. Additionally, for a lot of AM processes, 
machining processes are necessary for the as-fabricated components. Thus, the accuracy 
needs to be improved to reduce the cost of manufacturing. 
 
To sum, AM technologies is already mature for fabricating nonmetal materials in a wide 
range of area such as ceramics and polymers, while there are a lot of research to be 
accomplished for metal material. In order to study the current status of metal AM, 




2.1.1.1 Powder based AM 
 
 
The powder-bed AM in modern industry mainly contains selective laser sintering 
(SLS), direct laser metal sintering (DLMS), electron beam melting (EBM), laser 
engineered net shaping (LENS) et al. and these technologies is capable to produce 
various material such as gold, silver, copper, aluminum and their alloys [34]. In powder-
based additive manufacturing, a melt pool is created on the surface of substrate by the 
laser beam firstly and powder material is melted into. The subsequent deposition layers 
follow the scanning paths which is used to create the desired part geometry. Finally, 
machining process such as milling would proceed in order to eliminate the dimensional 
tolerance of sample [35]. The accuracy of fabrication can be controlled even reaching 
30m, as the powder is used as the raw material [36]. Comparatively, the distortion for 
powder AM is relatively low with the low linear deposit energy. However, the raw 
material for AM techniques are rigid and it is very difficult to customize the 
composition to satisfy the requirement of resulting components. Processes for 
fabricating metal powders are showed in Fig.2.2. Thus, the cost of commercially 
available metal powders is relatively high. The problems such as damage tolerance, 





Figure 2. 2 Different processes for powder production [38] 
 
Besides the problem of material, there are other limitations for powder-bed AM. For 
example, EMB takes place in a high vacuum chamber to avoid oxidation issues while 
the size of fabricating parts is limited. In the EBM processes, the contours of the target 
specimen are deposited which serve as the boundaries in order to separate with the 
surrounding metallic powder. Secondly, the middle part, normally showed as squares 
size, was fabricated along the contours. As mentioned, the whole process is worked 
under the vacuum chamber which is used to eliminate impurities and oxidation. 
Ultimately, the porosity lattice and scaffold helped to build up the bone structure. After 
the sample was cooled inside of the chamber, it must remove the remaining powder in a 




In previous study, Heinl et al. reported that EBM possesses the capability to fabricate 
novel cellular Ti-6Al-4V structures especially in orthopedic applications according to 
the microcomputer tomography analysis [40]. The three-dimension structures Ti-6Al-
4V with interconnected porosity is widely used for tissue ingrowth and vascularization. 
While it is modified with HCl and NaOH solutions, the implants presented apatite 
formation during bioactivity tests in simulated body fluid. EBM also is capable to 
fabricate Ti-24Nb-4Zr-8Sn porous components with 70% porosity, which was verified 
by Liu et al. in 2016 [41]. In contrast, besides the limitation of the vacuum size, it is 
understandable that the EBM process is hard to produce the full density material which 
is high demanded in modern industry. The existing porosity lattice would tremendously 
decrease the mechanical properties of component such as the hardness, tensile strength 
and ductility. The machines for EBM are just two type. One is Arcam® S12 and the 
other is Arcam® A2. And only titanium alloy and cobalt chromium are suitable for 
these machine [42].  
 




2.1.1.2 Wire-arc additive manufacturing (WAAM) 
 
Different with powder-based additive manufacturing, the filler material in wire-based 
AM is the typical welding wires. The wire-arc additive manufacturing was initially used 
to fabricate decorative items [43]. The hardware of WAAM contains the welding power 
source, torches and wire feeding systems. The motion can be controlled by either 
robotic systems or computer numerical controlled gantries [44].  
 
This system had almost 90-year history and with the development of software such as 
robot control system it gains increasing research interest in the implementation of arc 
welding processes in large-scale manufacturing. The benefits of WAAM system contain 
the low cost, no need for vacuum chamber compared with electron beam method, large 
operating volume which is mainly depended by the envelope of robot, high deposition 
rate and less spatter. Besides that, wire-arc additive manufacturing also possesses the 
capability to fabricate large component with complex structure. Flanges and stiffened 
panel are usually produced by this promising technology.  
  
Kazanas et.al reported the production of geometrical features using wire and arc 
additive manufacture with positional welding. The in-situ welding is widespread used 
for building features with limited accessibility without having to manipulate the part 
[45]. Besides the WAAM system the arc and gas metal arc welding (GMAW) and cold 
metal transfer (CMT) are also used in their work. They proved that the WAAM system 
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is capable to produce walls with various angles ranging from the vertical to horizontal 
positons, which means various shape can be fabricated. It is also possible to be used as 
hollow features when weight reduction is required in structures. In terms of the material, 
the feasibility of manufacturing iron and aluminum is certified. In this work, it is easy to 
find that WAAM is suitable to fabricate different shape and size products so as to satisfy 
the requirement of market. However, the basic properties of material were not 
presented. In this case, it is difficult to analyze the transform of crystal and even the 
density of product. 
 
Ma et.al indicated fabricating the Ti-Al based alloy via the WAAM system. The gas 
tungsten arc welding process was utilized to deposit the intermetallic alloy in-situ from 
separate pure titanium and aluminum wire feed stocks [46].  
 
 
Figure 2. 4 Experimental equipment: (a) schematic drawing; (b) physical photo [16]. 
  
Fig. 2 showed the schematic drawing of the process, in which the the angle between two 
feeding nozzles is around 60 and in terms of the angle between the nozzles and basal 
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plate, it is 30. As the two wire feeders was used in the system, the WAAM is capable 
to produce the intermetallic with various content of different element. Based on that, the 
application of WAAM is expanded. Furthermore, the characters of the as-fabricated 
alloy were detected.  
 
According to grain shape and size, the material mainly presented as the columnar 
grains. The driving force of the columnar grain growth is generated by the temperature 
gradient during each single deposition process. Therefore, the preferred grain growth 
direction of the columnar grains is perpendicular to the direction of solid-liquid 
interface, which is the buildup direction. And as the buildup process continues, the 
melted metal in the subsequent deposition layers would continue to nucleate on the 
previous columnar grains and contribute to the grain growth. Besides that, the top 
region has a maximum hardness value and grain size is smaller than the middle and base 
part. It can be explained as that during the build-up process, the previous part was re-
melted every time a new layer was deposited. For each time, the grain would follow the 
direction of heat driving force to grow again. The grain size would become larger. By 
contrast, at the top part, with fast solidification, the crystal in top part would not grow 
again. Thus, the grain size in the top part would become smaller. However, the 
inhomogeneous was also detected in these sample whereas the homogenization was not 
applied in the process. 
 
However, WAAM system has a few challenges as the welding wire is chosen as the 
filler material. For example, the problems such as residual stress and distortion because 
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of the excessive heat input, relatively poor part accuracy caused by the “stair stepping” 
effect and poor surface finish of produced parts were studied in recent research [12]. 
Initially, the parameters of the fabricating process such as welding current, layer 
thickness, wire diameter, wire feeding speed and welding speed should be controlled 
carefully in order to achieve expectant geometrical shape and surface finish, especially 
for the large component with complex structure. Additionally, the deformations caused 
by residual stresses would lead to loss in tolerances and premature failure for large scale 
component in WAAM system. While fabricating large scale component, both process 
parameters, as mentioned before, and process planning significantly impacted on the 
thermal history of the part. Thus, part quality and part accuracy, such as surface finish 
and geometrical accuracy, should be carefully considered and designed.  
 
2.2 Controlling of WAAM system 
 
Generally, in order to check the feasibility of fabricating Cu-Al alloy via wire-arc 
additive manufacturing, the character of welding copper alloy should be studied 
initially. A successful welding process mainly depended on the microstructure of the 
welding material such as free of defects, having acceptable levels of residual stresses 
and distortion, the amount of spatter and the composition of target component [47]. 
However, the quality testing of these factor seems to be hardly measured. In this 
respect, the following controlling of the whole possess can be considered and studied 
such as cooling rate of molten pool, the amount and the concentration of heat input, the 
substrate material and the filler material so as to enhance the quality of welding process. 
As the characteristics of WAAM system is layer by layer, the heat transferred from the 
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torch to the welding pool and the thermal cycling on each deposition layer [48] have 
tremendous influence on both composition and mechanical properties of the products. 
Thus, the discussion of choosing power source for wire-arc additive manufacturing is 
important. In previous study, the power source for WAAM system mainly divided into 
gas tungsten arc welding (GTAW), gas metal arc welding (GMAW) and plasma arc 
welding (PAW) [49]. In order to comprehensively compare these heat source, GTAW 
and GMAW would be discussed respectively. 
 
2.2.1 Gas metal arc welding (GMAW) 
 
GMAW applies the consumable wire as the electrode forming an electric arc with the 
workpiece metal. The angle between torch arc and the substrate normally is 90. 
GMAW is also known as the metal inert gas (MIG) welding process. In order to 
fabricate Cu-9at. %Al alloy, the GMAW with two wires also called tandem GMAW are 







Figure 2. 5 Schematic experimental rig used for evaluating the Tandem Pulsed GMAW 
arcs [50] 
 
In 1988, the tandem GMAW system was innovated to increase the welding 
penetration of the conventional GMAW. As shown in Fig. 2.5, the two wire 
electrodes are following the welding direction while the first one is served as the 
lead to open the welding pool and control the deposition rate and penetration. 
The following one mainly controlled the welding bead appearance. The two 
wires are individual controlling by two independent power source, although they 
are contributed to the same welding puddle. Furthermore, the lead and trail arcs 
may possess different operating modes according to the requirement of 
fabrication. Pulsed mode in T-GMAW is a good case in point. Because of the 
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development of the software for welding controlling such as the digital welding 
power sources, the T-GMAW with pulsed mode gains more interests in recent 
years. It has the capability to replace the submerged arc welding process (SAW) 
in shipbuilding industry. Fig. 2.6 showed the current of two arc which was 
controlled by the waveform and the whole welding process is relatively stable 
with less spatter even at the high travel speeds. 
 
 
Figure 2. 6 Synchronous droplet removal in Pulse Tandem GMAW [51] 
 
Nadzam in 2003 showed the advantages of T-GMAW including increasing the variety 
of products, less distortion, lower spatter and higher deposition rate, especially 
compared with traditional MIG welding process with single wire [52]. Besides that, T-
GMAW system also was compared with SAW to fabricate S355 steel in 2008 and it 
also showed the similar benefits [53]. As one type of new welding process, the existing 
application of T-GMAW is for shipbuilding industry. Although this technology is 
already available for commercial application, researchers mainly tried to solve the 
stability problem of the welding pool. Especially for the material with high thermal 
conductivity such as copper, pulsed mode was used to avoid over heat input problem. In 
this respect, the whole system showed better performance and the problem of overlap of 
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peak pulses current between two arcs can be eliminated [54]. Furthermore, increasing 
welding speed of T-GMAW can also be achieved via synchronizing the two-wire pulse 
mode, while the weld deposition and penetration presents similar degree compared with 
GMAW without adversely effecting welding quality or heat input [53]. 
 
To sum, the tandem GMAW mainly possesses the advantage of high travel speeds, less 
distortion, high deposition rate and high quality weld deposits. However, the high 
spatter rate compared with GTAW system is one of the problem to solve. Especially for 
Cu-Al welding, the composition of aluminum is 9 at.% which required slow feeding 
speed for aluminum wire. In this respective, the spatter phenomenon during the welding 
process may lead to the inaccuracy of chemical composition. Additionally, the uniform 
of bead geometry is another problem. At the beginning and the end part of deposition 
wall, due to the inherent characteristics of GMAW system, the part accuracy and 
surface finish is hard to be achieved [55]. Thus, in this thesis, the power source of 
WAAM system choose gas tungsten arc welding (GTAW). 
 
2.2.2 Gas tungsten arc welding (GTAW) 
 
GTAW utilizes a non-consumable tungsten electrode serving as the welding torch and it 
is also well known as tungsten inert gas (TIG) welding process. The inert shielding gas 
such as argon or helium protects the electrodes, arc and welding area from oxidation or 





Figure 2. 7 Schematic diagram of GTAW system [56] 
 
GTAW is widely used for welding stainless steel and non-ferrous metal such as copper 
alloy with thin sections. It mainly presents higher quality welds and no arc-welding 
fume compared with other welding processes such as shielded metal arc welding 
(SAW) and gas metal arc welding (GMAW) [57]. However, the conventional GTAW 
system is comparatively difficult to master for operator and the welding speed is 
relatively slower than other welding techniques [58]. While the GTAW is employed in 
AM processes, in order to improve the properties of material, a series of controlling 





Figure 2. 8 The system diagram of GTAW displayed in robot [59] 
In order to increase the application of the GTAW, air-cooled and water-cooled torches 
were innovated for welding under high current atmosphere. For the air-cooled torch, the 
current of welding usually attain at 200A while the counterpart can reach 600A in 
water-cooled system. At the same time, gas lenses and other accessories were created to 
protect the weld area from atmosphere contamination [60]. However, the overheated 
electrode and temperature transferring from the tungsten to welding target still existed. 
To address these problems, the negative polarity electrode was used while it was not 
suitable for non-ferrous materials such as aluminum alloy, which to some extent 
restricted the application of GTAW. Thus, the torch with alternating current mode was 
employed to stabilize the arc and fabricate Al alloy with high quality.  
 
In 2004, Wang et al. fabricated three-dimensional cylindrical 4043 Al-alloy with 120 
layers via GTAW in robotic system [61]. The build-up hollow cylindrical part showed 
good surface quality and excellent mechanical properties (the hardness of sample is 
around 50Hv). In terms of the microstructure of sample, it presented similar 
phenomenon with Ti-6Al-4V [16], which showed fine dendrite structure at the top layer 
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and coarse columnar grain in the middle and bottom part. In addition, the process 
parameters including arc voltage (arc length), welding current, welding speed and wire-
feeding rate tremendously influence the geometry, microstructures, roughness and 
hardness of the build-up wall. In order to acquire appropriate parameters for GTAW 
system, in 2011, Bonaccorso et al. investigated the controller system for shaped metal 
deposition process [62]. Fig. 2.9 demonstrates a six-axis industrial welding robot with 
TIG welding power source. In particular, the welding process is mainly based on the NI 
Labview real time target architecture equipped with a pyrometer and a thermal 
camera. These cameras were mainly used for analysing temperature distribution 
and heating and cooling rate during the whole welding process. Additionally, 
welding camera, IR sensors and a microphone were also installed in the 
monitoring system. Based on the improvement of both software and hardware for 
controlling parameters, the stability of deposition process was relatively 
increased and became automatic. However, the microstructure and the 
mechanical properties were not involved in this research. The lack of additional 
shielding device may result in serious oxidization especially for aluminium 
which has high oxidability. Thus, investigating the influence of each controlling 





Figure 2. 9 The industrial robot with TIG welding equipped with sensors and camera 
[62] 
2.2.2.1 Discussion of welding parameters 
 
Besides arc voltage (arc length), welding current, welding speed and wire-feeding rate, 
the welding parameters also refer to shielding gas flow rate, preheating temperature and 
interpass temperature. In general, welding parameters mainly influence the dimensions 
such as penetration and width of the component and the mechanical properties and 
microstructure of sample. On the other hand, it also ensures the feasibility of fabricating 
multi-pass specimens especially net structure.  
 
The selection of arc current depends on the thickness of substrate, material and the type 
of joint, as it directly influences the heat input and the penetration with the effect being 
proportional [63]. For material with high thermal conductivity, opening molten pool 
needs high heat input because of the diffusion of the heat during the beginning of 
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deposition. However, while an excess of heat is input to the deposition process, the 
height of wall would decrease and width would increase. If the accumulation of heat is 




QR represents the resistance heat; I represents welding; R represents the equivalent 
resistance of welding arc and t represents the specific welding time on the deposition 
position. At the top layers, the heat input should be controlled to avoid collapse. 
According the heat input equation: 
𝑄 =
𝐼 × 𝑉 × 𝜂
𝑆
 
Q is heat input; I is the welding current; V is welding voltage;  is efficiency of the 
welding process; S is the traveling speed. Normally, the efficiency of welding process 
() in direct current GTAW system is around 78% to 85% while it is relative lower in 
alternating current (68% to 85%).  
 
Complementary with current, the welding heat input also influences the heat input 
according to the equation. In GTAW system, the welding current remains relatively 
constant and the voltage is responsive to the electrode-to-work distance. The increase of 
voltage mainly results in larger width and the decreasing of welding penetration. 
Additionally, long arc length is contributed to the melting of feeding wire and it is 
understandable that the operator can observe the molten pool more clearly. Short arc 
length usually cause short circuit because the feeding wire contact with the electrode 
and the contamination of the tungsten electrode. However, when the arc length is too 
long, the problem of porosity and inadequate shielding gas protection would generate 
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during deposition process. Thus, appropriate length of arc is almost equal to the 
diameter of electrode [64].  
 
As in GTAW, current is constant so the appropriate voltage is depended on the current. 
The relationship is shown in formula below [65]. 
𝑈 = 10 + 0.04𝐼 
U is voltage; I is constant current. Under high current condition (over 600A), the safety 
welding voltage remains at 34V.  
 
The traveling speed of WAAM should ensure that the arc can provide appropriate 
quantity of heat for the welding process in unit time. The welding material and welding 
directions are the main factors which influence the choice of welding speed. In GTAW, 
welding speed affects the width of molten pool and the depth of penetration. For 
materials with high thermal conductivity like copper alloys or non-flat work pieces, fast 
welding speed is selected to avoid large distortion and flowing of liquid metal [66]. In 
terms of cracking and oxidation susceptible materials, the welding speed is adversely 
slower as the cooling rate would increase with traveling speed. In addition, the 
excessive travel speed induces inadequate gas protection and incomplete melting of 
filler materials. Furthermore, traveling speed also have significant effect on the 
microstructure and mechanical properties of material. In 2014, Subravel et al. used 
GTAW to fabricate AZ31B magnesium alloy and various traveling speed were 
compared [67]. The joint fabricated at 135 mm/min expressed superior hardness and 
tensile properties compared with other specimens. The grain size in the fusion zone was 





The flowing rate of shielding gas is an important factor for the morphology of GTAW 
bead. The choice of flowing rate is lied on the tungsten electrode diameter, while the 
diameter is depended on the welding current. With the increasing of current, the 
protection gas flowing rate should be improved in order to provide large scope of 
protection. Low flowing rate result in bad rigidity shielding gas, low wind resistance for 
out chamber welding and narrow protection area. By contrast, if the flowing rate is too 
high, the protection gas would be turbulence and the air may be involved into welding 
process hence the welding porosity, oxidation and nitridation is induced during the 
deposition process [68]. For the high thermal conductivity material, trailing shielding 
gas is recommended to ensure the welding bead is entirely under protection after 
solidification. Moreover, while argon is chosen as the protection gas, the relationship 
between flowing rate and welding speed should be considered. High traveling speed 
causes the excursion of argon because of the air friction. Consequently, the flowing rate 
should be slightly increased to provide desired protection. 
 
The controlling of interpass temperature mainly based on the type of material, the 
thickness of substrate and heat input. The purpose of that is to control the welding 
cooling rate which has significantly effect on width of heat affected zone (HAZ) and the 
grain size. If the interpass temperature is too high, the grain size in HAZ would become 
large and reasonable, the mechanical properties such as hardness and impact toughness 
decreases tremendously. Inversely, the controlling of preheating temperature is mainly 
deceasing the cooling rate to avoid the generation of crack in HAZ. The relationship 
between interpass temperature and preheating temperature is that the interpass 
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temperature is normally higher or equal to the preheating temperature to avoid large 
distortion and cracks [69].   
 
2.2.2.2 Filler material control  
 
Compared with conventional welding material such as iron, nickel and titanium, 
welding for copper and aluminum is a pretty skill required job because of the bad 
welding properties of both materials. The challenge of welding copper is listed below 
[70, 71].  
 
Refractory: Copper is one kind of material with high thermal conductivity. Especially at 
the first deposition layers, the molten pool is less inclined to be opened because of the 
conduction of heat. Thus, welding copper normally requires power source with high 
power, concentration of heat and preheating process. 
 
• High mobility: Melting copper possesses high mobility, hence the work piece 
should be flat. Under the welding substrate, additional base plate is required to 
ensure the flat work piece.  
 
• Ductile: Since the thermally expandable properties of copper, the shrinkage which 
to some extent decreases the effective width of component will be detected at the 
bottom of buildup wall. Furthermore, this kind of transformation is hardly 
inevitable if the method of compulsively preventing transformation is adopted, 
the dilution zone is more inclined to induce crack. Consequently, the tolerance of 




• Oxidability: Pure copper may react with outside atmosphere inducing Cu2O or 
CuO which exist in grain boundary and eutectic is generated. It results in the 
decrease of mechanical properties like hardness and strength and corrosion 
resistance of welding wall. 
 
• Generating crack: During the welding process, the expanding of copper induces 
tremendous stress in deposition region and the oxide exists in grain boundary. The 
wall is easy to generate crack. Additionally, the impurity element such as 
plumbum, bismuth, sulfur which would lead to crack should be avoid.  
 
• Porosity: Argon should be selected as the shielding gas for copper alloy to avoid 
porosity. The solubility of hydrogen in liquid copper is relatively higher than that 
in solid copper. Thus, after cooling, the porosity is produced in the buildup wall, 
which induces bad mechanical properties and density.  
 
In terms of aluminium, it possesses similar properties with copper, thermally 
expandable and high thermal conductivity [72]. Therefore, there are also some special 
requirements for aluminium welding. Initially, non-metallic Teflon liner should be used 
for wire feeding system in order to reduce the friction between wire and the liner. The 
driving roll for feeding aluminum wire should be U-groove instead of V-groove as U-
groove driving roll can decrease the deformation and zigzagging during feeding 
process. Guiding device is necessary to be set as the entrance and exit of the liner to 
avoid the possible scratches on soft aluminum wire [73]. Besides the dedicated 
equipment, the oxidation of aluminum should be avoided. The melting point of Al2O3 is 
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relatively high and stable. Thus, it is hard to be eliminated in machining process. The 
existing of Al2O3 impeded combination of substrate metal and filler metal, which results 
in the impurity, defect and porosity. Normally, for aluminum welding, alternating 
current is utilized to avoid oxidation and trailing shielding device can be equipped along 
the torch at the same time. Relative oxidation principles of aluminum and copper are 
shown in below equations. 
 
Copper: 2𝐶𝑢 + 𝑂2 = 2𝐶𝑢𝑂 
 
Aluminium: 4𝐴𝑙 + 3𝑂2 = 2𝐴𝑙2𝑂3 
 
Additionally, although controlling parameters of welding process can reduce the 
oxidation to some extent, extra grinding process is still required between each layer o 
ensure the deposition stability in the next pass. 
  
2.3 Copper and Copper rich alloy properties 
 
Pure copper is defined as containing minimum 99.3% copper content metal. As it is one 
kind of malleable and ductile material with excellent electrical and thermal 
conductivity, copper is widely utilized as building material, conductor of heat and 
electricity and marine hardware. The basic physical properties of pure copper are 




Table 1 Physical properties of pure copper [74] 










Pure copper 1083 8.95 391 117 
 
There is no doubt that electrical conductivity is one of the most important property for 
the application of copper. It is mainly influenced by the thermal vibration and crystal 
defects which are caused by the additional atoms, dislocations and grain boundaries. 
With the increasing of these factors, the resistivity of copper would experience a 
decreasing and the electrical conductivity would be declined. On the other hand, the 
thermal conductivity of copper is also relatively higher, compared with other metals. In 
order to investigate the factors, the equation related to the ratio of electrical conductivity 
(𝑘𝑡ℎ) is shown below. 
𝑘𝑡ℎ = 𝜆𝐿𝑇 
𝜆 represents the Wiedemann-Franz law [75]; 𝐿 represents Lorentz number and 𝑇 
represents the absolute temperature. According to the equation, the electrical 





By contrast, the use of unalloyed copper is mainly limited by the intrinsic low strength, 
low hardness and weak corrosion resistance. In the galvanic series, the corrosion 
resistance of copper is relatively lower than noble metals such as graphite, titanium, 
silver, passive stainless steels, and certain nickel alloys while above that of active 
nickel, stainless steels, tin, lead, cast irons, carbon steels, aluminum, zinc and 
magnesium systems. The galvanic series represents relative activities in seawater [76]. 
The mechanical properties are mainly depended on the crystal structure and copper has 
a face-centered cubic (FCC) structure which is shown in Fig.2.10. Although FCC 
structure materials usually possess high ductility and toughness, the strength and 
hardness is relatively lower without work-hardening process. To increase the 
mechanical properties of pure copper, various processes are used in previous studying, 
for example, cold working, solid solution hardening, precipitation hardening, dispersion 
strengthening, etc. while these approaches can significantly increase the strength, they 
will also lead to a pronounced reduction in conductivity. The challenge is to design a 





Figure 2. 10 Copper FCC structure 
 
Cold working is an effective way to increase the mechanical properties (hardness and 
strength) of pure copper through decreasing the grain size while it slightly influences on 
the thermal and electrical conductivity [77]. By contrast, this machining process may 
also lead to soft structure while the temperature is around 200C since copper can 
recrystallize at the low temperature [78]. In this respect, through controlling parameters 
of further machining process, ultrahigh-strength copper with comparable conductivity at 
the same time can be induced, which was also proved in previous work. For instance, 
nanoscale twin crystal can be generated by cold working in FCC structural copper [79] 
and the grain size would decrease tremendously. According to Hall-Petch relationship, 
both hardness and tensile strength of copper can be improved although the ductility 
would decrease slightly. While the grain size have slight effect on conductivity which is 
mention before, the excellent mechanical properties can broaden the application of 
copper in industry. 
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Alloying is another feasible method to improve the mechanical strength significantly. 
Compared with cold working, alloying possesses the advantage that it can raise the 
softening temperatures, while the electrical and thermal conductivity is relatively lower 
because of the effect of additional elements. The function of alloying is altering the 
structure of copper, which can induce three type of alloying strengthening including 
solid solution hardening, precipitation hardening and dispersion strengthening. In 
present work, solid solution hardening is selected as the method to enhance the 
properties of copper. 
 
2.3.1 Copper and aluminum binary system 
 
So as to improve the mechanical properties of copper, solid solution strengthening is a 
effective methods. Thus, aluminum is one of the ideal candidate. Copper-aluminum 
alloys are mainly used for oil and gas pipelines, heat exchangers, propellers, valves, 
gate valves and laminated plates for small boats’ steel hulls [1]. While the content of 
aluminum is lower than 16.8 at.%, it has excellent resistance to corrosion for the marine 
industry. Besides that, the prominent characters, such as low cost, high deposition rate, 
excellent adhesion and good resistance to oxidation, also make Cu-Al alloys gains more 
attention in previous research.  
 
The aluminum serving as the solution-solid elements is mainly to decrease the stacking 
fault energy. Based on that, the twin crystal is more likely to be produced and according 
to the Hall-Petch relationship, while the grain size is decreased, the hardness and 
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strength would experience a significant increase. In order to generate the ultrafine-
grained, various severe plastic deformation techniques have been widely developed to 
produce the ultrafine-grained or even the nanostructured materials that can be used in a 
wide range of structural applications. 
  
X.H. An et al detected the microstructure and shear fracture of Cu-16 at.%Al which was 
induced by the equal channel angular pressing (ECAP) [80]. The grain refinement 
processes during ECAP generally originate from the accumulation, interaction tangling 
and spatial rearrangement of dislocations in the metals with medium or high stacking 
fault energy(SFE), and the subdivision of original coarse grains is operated by twin 
fragmentation in the materials with low SFE. In terms of the purpose of their research, it 
mainly focuses on revealing the main factors leading to the shear fracture, the 
microstructure evolution of Cu-Al alloy. Furthermore, it also documented the property 
of materials and external deformation factors in grain refinement. As a result of the low 
SFE of Cu-Al material, the plastic deformation and the accommodation of the shear 
strain would transform from the dislocation slip and stacking faults to the micro shear 
bands on the original grain of Cu-Al alloy. To sum, the cold working process would 
result in the improving of hardness and twin would be generated. However, there are 
some gap in this work. For example, the commercial Cu-16at.%Al rod was used to the 
ECAP, but technology of manufacturing the raw material was not presented. To some 
extent, both mechanical properties and microstructure are determined by the process of 
fabrication. Without the introduction of process, it is hard to show the transformation 
after ECAP. Thus, in order to document the benefits of ECAP, the comparison between 




In order to investigate the influence of aluminum content on mechanical properties, Tao 
et.al introduced deformation twins into the matrix of pure Cu with medium stacking 
fault energy(SFE) of 78 mJ/m2 and copper alloying with 5 at.%, 10at.% and 15at.%Al 
respectively[3]. With the increasing of aluminum content, the SFE of Cu-Al solid 
solution experienced a dramatically drop from 78 mJ/m2 and to5 mJ/m2. The lower SFE 
means that the original material has higher possibility to transform to defect structures 
after the plastic deformation. In this work, split Hopkinson pressure bar(SHPB) with the 
strain rate of 103/sec was utilized to deformation diminutive twins. In terms of the 
hardness testing, it showed an improving trend with the increasing of Al content, while 
the hardness of Cu-15 at.% Al which is around 2300 MPa is almost twofold for the 
hardness of pure copper. It is also interesting to note that for Cu-10 at.% Al and Cu-15 
at.% Al, the hardness just increases by 200 MPa. Based on that, the increasing micro-
hardness is attributed to the solid solution strengthening effect of Al, and due to the 
formation of deformation twins, while the deformation twins possess larger influence on 
micro-hardness [2].  
 
In previous work, the properties of original Cu-Al alloy were also discussed. 
Fabricating homogeneous Cu-Al solid solution without other intermetallic such as 
Al2Cu and Cu9Al4 is important during the manufacturing process. Duina et.al reported 
the phase and microstructure evolution of the Cu-13 wt.% Al mixture during treatment 
in a high-energy planetary ball mill with a particular focus on the early stages of 
mechanical alloying. If insufficient energy is supported during the producing process, 
Al2Cu and Cu9Al4 would be produced in Cu-Al alloy even when the content of Al is 
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lower than 2 at.% [9]. Also, it has been confirmed that during the powder milling 
procedure of Cu-Al alloy, -Al2Cu and -Cu9Al4 phase would be firstly generated when 
Cu and 14 at.%Al are mixed; then with the proceeding of ball-milling or 
homogenization, the Al2Cu phase and Cu9Al4 phase would transform into Cu-Al solid 
solution alloy [81]. In addition, the oxide such as CuO and Al2O3 are not detected in the 
XRD pattern. Without the protecting method during the process, the high energy of ball 
mill and the instinct property of Cu and Al, which has low resistance of oxidation, lead 
to the impurity. Thus, it showed that while producing the Cu-Al alloy, some protecting 
measure such as protecting gas or even vacuum environment is necessary. Besides that, 
the shortage of ball milling is that iron particles which comes from the milling machine 
would mix with the Cu-Al. It mainly results in the brittleness of alloy and inaccuracy of 
mechanical properties testing. 
 
2.3.2 Heat treatment for Cu-Al 
 
Homogenizing annealing is one type of heat treatment to homogenize the chemical 
composition and phase. The purpose of homogenization is that during annealing, the 
elements in the alloy are solid-state diffused and the segregation can be eliminated, 
especially for the producing process with high cooling rate such as welding. Generally, 
the temperature is slightly lower than the solidus temperature (150-300C) and the time 
for heat treatment is decided by the type and size of component. After annealing, the 
specimen is cooled naturally with the furnace. However, the homogenization process is 
energy consumption and high cost. While homogenizing steel, as the time for annealing 
is long (10-15h), the grain size will increase and in order to refine the grain, the full 
annealing or normalizing process should be adopted. Additionally, grain boundary 
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migration also may happen during annealing process. Grain boundary migration refers 
to the movement of boundary separating two grains. The movements take place by the 
diffusion of single atoms from one grain across the boundary to the other grain. This 
motion results in the migration of the boundary in the opposite direction to the diffusion 
direction [82]. The speed of migration is depended on the temperature and the boundary 
curvature. With the increase of temperature and decreasing of boundary curvature, the 
speed of migration to the center of curvature would improve.  
 
In previous study, Al2Cu phase and Cu9Al4 phase has been observed in Cu-Al 
fabricating process. In 1993, Jiang et al. reported the interfacial reaction of copper rich 
Cu/Al multilayer films (10 at.% Al) which was investigated by differential scanning 
calorimetry (DSC) and transmission electron microscopy (TEM) [83]. Initially while the 
temperature is lower than 620K, the material showed thermal stability and the films did 
not grow. With the increasing of temperature, the sequence of reaction would happen. 
𝐶𝑢 + 𝐴𝑙 → 𝐶𝑢𝐴𝑙2 
and then 





Figure 2. 11 Cu-rich Cu-Al system equilibrium phase diagram 
 
The first process would be quickly finished because of the exhaustion of Al. However, 
according to the equilibrium phase diagram Fig.2.11, there should be only Cu-Al solid 
solution. The activation energies for the formation of each phase explained this 
phenomenon. For solid solution, the activation energy for interfacial diffusion of Al in 
Cu is 0.87 eV on the basis of the study by Shearer et al. [84], which is higher than the 
counterpart of formation Al2Cu phase and Cu9Al4 phase, 0.780.11 and 0.830.02 
respectively. The low value of activation energies for formation the Al2Cu and Cu9Al4 
is due to the fact that the interfacial reactions in Cu/Al multilayer film are chiefly 
controlled by the cooperation of interfacial diffusion and grain boundary diffusion. 
 
In order to eliminate the impurity, high energy process was utilized. For example, Ying 
and Zhang in 2000 investigated fabricating Cu-14 at.% Al and Cu-35 at.% Al via ball 
milling process [81]. The characters of material which is milled at 1h, 2h, 4h and 8h was 
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studied. Additionally, the temperature for heat treatment ranged from room temperature 
to 650 C and the heating rate was 20C/min. For low Al composition alloy, with the 
increase of ball milling time and heat treatment, solid solution forms as a result of 
mechanical alloying. It showed that alloying between Cu and Al can be achieved either 
via ball milling or heat treating the milled powder. Furthermore, they also reported that 
the first phase generated by ball milling are Al2Cu and Cu9Al4 because it is easier for - 
Al2Cu and -Cu9Al4 to nucleate at the Cu/Al interfaces. In 2002, Dubourg et al. presents 
the mechanical characterisation of Al-Cu laser alloying and the effect of annealing 
process upon the microstructure and mechanical properties were investigated [85]. An 
annealing of 480C for 24h was utilized in their research. The annealing made the 
eutectic coalescence with the primary grains and it decreased the micro-hardness of 
material while increased the elastic modulus. The result was mainly caused by the 
growth of grain. While the grain size increased, the hardness and strength would 
decrease and the elastic modulus would increase inversely. 
 
2.3.3 Twin crystal in FCC structure materials 
 
Crystal twinning occurs when two separate crystals share some of the same crystal 
lattice points in a symmetrical manner [86]. The result is an intergrowth of two separate 
crystals in a variety of specific configuration. A twin boundary or composition surface 
separates the two crystals. The theory of generating twins in FCC structural material is 





Figure 2. 12 Schematic of two opposite FCC twinning modes [86] 
 
Nucleation of twins in FCC materials occurs due to passage of Shockley partial 
dislocations successively. Especially the (111) planes in FCC structure, it permits 
twinning shear in 7 direction except the opposite direction. The twin crystal is mainly 
divided into three types according to the mechanism of formation, growth twins, 
annealing twins and deformation twins respectively. For Cu-Al binary alloy, annealing 
twins and deformation twins gained more interests in previous study.  
 
In terms of annealing twins, during the cooling process, crystal system becomes 
unstable and crystal structure must re-organize or transform to another more stable 
form. The evolution of crystal during the annealing process depends significantly on the 
characteristics of the metal such as the stored energy, the grain boundary structure and 
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the grain size [87]. The driving force for formation of twinning structure is the reduction 
in the Gibbs free energy in the system [88]. In 2009, Cahoon et al. reported adopting a 
quantitative approach to understand the parameters that influence the density of 
annealing twins [89]. The density of annealing twins referred to the number of twins per 








𝐶3 is a dimensionless constant; ∆𝐺
0is the difference in the Gibbs free energy between 
the growing and shrinking grain; 𝛾 is the stacking fault energy; 𝑑 is the grain size and 
𝑑0 is a critical grain size below which twins will not form. According to the equation, 
the increasing of annealing twins is mainly depended on the decreasing of stacking fault 
energy (SFE) and grain size. Furthermore, the existence of high residual stresses in FCC 
metals during annealing contains a higher fraction of annealing twins [90].   
 
For deformation twins, it is the result of stress on the crystal after the crystal has 
formed. In FCC structural material, SFE affects significantly the deformation 
mechanisms during high-strain deformation by cold rolling or severe plastic 
deformation. When the SFE is low, dislocation slip behaves in the planar form and 
dislocation recovery is inhibited [91]. Besides that, the deformation microstructures 
were also detected in tensile testing.  
 




In this chapter, a comprehensive introduction of AM, power source for WAAM and 
researches on Cu-Al binary system are presented. Additionally, the homogenizing 
annealing process and formation of twin are reviewed to support the present subject. 
 
In general, AM process is capable to produce a three-dimensional component in which 
successive layers of material are fabricated by controlling of computer. The advantage 
of the AM system is time and cost reduction, human interaction, and consequently the 
product development cycle, also the possibility to create any shape which is difficult for 
the manual fabrication. The AM processes are mainly divided into powder based and 
wire-feed process according to the type of filler materials. Compared with powder-bed 
AM process, wire-feed AM such as WAAM system is appealing for fabricating Cu-Al 
alloy since it has the capability of fabricating full density material with lower cost of 
filler material and equipment. However, the problem of WAAM system like residual 
stress and distortion in the substrate, lower manufacturing accuracy and the oxidation of 
active material should be solved by controlling the deposition parameters.  
 
In terms of fabricating material, copper alloy mainly possesses high electrical and 
thermal conductivity and excellent ductility. While aluminum serves as the additional 
element, the corrosion resistance and wear resistance can be significantly improved and 
the stacking fault energy will be reduced. However, the low hardness and strength are 
the major disadvantages obstructing the application in modern industry. Up to date, the 
manufacturing process for copper-rich Cu-Al alloy contained powder metallurgy 
processes such as induction vacuum melting, furnace arc melting and ball milling. Since 
it has been stated from previous research that innovative processing and reduction of 
manufacturing cost is a main research focus of Cu-Al binary material, the WAAM 
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process is utilized to fabricate Cu-rich Cu-Al alloy. The feasibility, mechanical and 
material properties of deposition structures are investigated in the following chapter.   
 
After the review of previous work, in Chapter 3 the setup for fabricating Cu-Al alloy, 
specific parameters and sample preparation are investigated. In order to detect the 
microstructure and mechanical properties, optical microscope (OM), X-ray diffraction 
(XRD), energy dispersive spectrometer (EDS) and scanning electron microscope (SEM) 
were used. 
 
In Chapter 4, 5 and 6, the macro and micro structure of Cu-9 at.%Al including as-
fabricated, annealed at 800C and annealed at 900 C samples are analysed. The phase 
characterization is investigated by XRD to exhibit the phase transformation after 
annealing process. Subsequently, the composition of Al is shown to verify the 
feasibility of fabricating Cu-Al alloy. Hardness and tensile testing are proceeded to 
show the mechanical properties of Cu-Al produced via WAAM system. 
 
To sum, the aim of this research subject is to apply WAAM process to in-situ fabricate 
Cu-rich Cu-9 at.%Al and further develop the process. At the same time, the influence of 
annealing process for Cu-Al alloy fabricated by WAAM system is studied.  
  












Chapter 3 Experimental setup 
 
3.1 Hardware setup for Cu-Al alloy deposition 
 
 
Figure 3. 1 WAAM process setup for Cu-Al alloy: (a) physical photo; (b) schematic 
drawing. 
 
The setup of the WAAM process used for fabricating Cu-9 at. % Al is shown in Fig.3.1. 
The deposition power source was provided by a Kemppi Master TIG MLS 2000. The 
deposition current was 160A and the arc length was 3.5 mm, to ensure sufficient local 
heat input for opening the molten pool on the pure copper substrate. The two wire-feed 
nozzles, one for ø0.9 99.9%-purity copper wire and another for ø0.9 1080 grade 
aluminum wire, had independent wire-feed controls in order to adjust the chemical 
composition in the deposition process. The 3-dimension positions of the TIG torch, two 
wire-feed nozzles and the substrate are shown in the physical photo (Fig.3.1a). As shown 
in Fig. 1b, the angle between the wire-feed nozzles and substrate was 30°. The wire-feed 
speeds of Cu and Al wires were 1300 mm/min and 311 mm/min, respectively. And the 
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average deposition energy was controlled at 20.2 kJ/g in order to ensure the deposition 
stability. The travel speed was set at 95 mm/min, which is relatively slow to ensure 
sufficient deposition line energy and the continuity of the deposition beads. After each 
single deposition, grinding process was applied to clean the deposition surface for the 
subsequent layer. 
 
In order to open the molten pool on the copper plate, the interpass temperature was set at 
400C. It was achieved using a heating blanket set in an asbestos thermal insulated box 
as shown in Fig.3.1b. The interpass temperature was accurately monitored and controlled 
using two K-type thermal couples, one was connected to the preheating machine itself, 
and the other was connected to the monitoring software in the computer using a signal 
converter. The detailed deposition parameters are listed systematically in Tab. 2. 
 
 
Table 2 Deposition parameters of the WAAM process for 9 at. % Al Cu-Al. 
Parameter Unit Value 
Deposition current A 160 
Arc length mm 3.5 
Cu wire feed speed mm/min 1300 
Al wire feed speed mm/min 311 
Deposition energy kJ/g 20.2 







In addition, same as in the fabrications of Fe-Al and Ti-Al alloys [11, 46], pure argon was 
used as the inert shielding gas for the entire deposition process. And besides the gas 
shielding from the TIG torch, an additional trailing gas shielding box as indicated in Fig. 
1a, was applied with a gas flow rate of 9 L/min to protect the as-fabricated deposit from 
oxidation during cooling. 
 
The copper substrate was chosen as 3 mm in thickness and 100 mm in the other two 
dimensions. In order to prevent the copper substrate from being penetrated and deformed 
by the high-energy torch, the substrate was fixed on a 5 mm DH36 steel plate as shown 
in Fig. 1b. Considering the extremely high thermal conductivity of the copper, during the 
actual fabrication, the TIG torch would turn on and travel on the copper plate without 
filler wires for once to create a local high temperature and ensure the molten pool opening 
for the subsequent material depositions. In summary, the high deposition current and 
interpass temperature, thin thickness of copper substrate, low torch travel speed, and the 
one-time torch run before material deposition, are all designed to ensure the molten pool 
opening in the process. Finally, 15 layers were deposited in the buildup wall. 
 
3.2 Sample preparation and test 
 
Three cross section samples were extracted from middle part of the fabricated wall 
using wire electrical discharge machining (EDM) for further heat treatment and material 
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characterizations. The heat treatments were conducted using a KTL 1400 tube furnace 
which is shown in fig. 3.2. Two heat treatment conditions were applied to homogenize 
the as-fabricated material: one was annealed at 800 C and the other was annealed at 
900 C, the annealing time for both methods are two hours. The furnace was first heated 
up to the required temperature before the sample was put in. And the samples were 
taken out from the furnace right after two hours and air cooled to ambient temperature. 
Pure argon gas was used during the annealing processes. For the convenience of future 
discussion, we name the as-fabricated sample as Sample 1, the sample heat treated at 
800 C as Sample 2, and the sample heat treated at 900 C as Sample 3. 
 
 
Figure 3. 2  KTL 1400 tube furnace 
 
The sample for OM was initially cut via Struers® Accutom-50 cutting machine 
installed standard Struers® 50A13 aluminum oxide cutting wheel so as to cut the extra 
substrate of specimens to make it fit for the mounting process afterwards. Considering 
the hardness of pure copper, researchers set the rotation speed of the wheel at 5000rpm. 
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Additionally, the feeding force limit was set as “medium” with a feeding speed at 
0.03mm/s in order to protect the cutting wheel.  
 
 
Figure 3. 3 Struers® Accutom-50 cutting machine in present study 
 
The specimens were hot mounted by Struers® CitoPress-20 hot mounting machine with 
Struers® PolyFast powder which is eligible for the following SEM examination.  
 
 
Figure 3. 4 Struers® CitoPress-20 hot mounting machine in present study 
 
The grinding and polishing of the sample were conducted on a Struers TegraPol-21 
automatic polishing machine. Considering the low hardness and surface sensitivity of 
Cu-Al alloy, after being grinded to P1200 by silicon papers, the cross-section specimens 
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were polished using 6 m Mol, 3 m Mol, 1 m Mol and finally the active oxide 
polishing suspensions (OP-S). Afterwards, the samples were etched using hydrochloric 
acid ferric chloride solution for two seconds to reveal the microstructures. The 
microstructures of the cross-section samples were acquired using a Leica MMRM 
research microscope. For general microstructures, the photos were taken under 
grayscale mode, while in order to reveal the twins more clearly in the top surface, the 




Figure 3. 5 Struers TegraPol-21 automatic polishing machine in present study 
 
The hardness along the vertical centerline of three cross-section samples were measured 
at a load of 0.4 kg with 0.5 mm intervals and an indentation time of four seconds. 
Subsequently, the chemical composition along the same line of the three samples were 
characterized using a JEOL JSM-6490LA scanning electron microscopy (SEM) 
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equipped with an energy dispersive X-ray spectrometer (EDS) at 20 kV, the 
characterization points were set right aside the hardness testing points.  
 
The consequences of homogenizing heat treatments were estimated according to the 
content of Cu-Al intermetallic phases such as CuAl2 and Cu9Al4. The phase 
characterization was conducted using a GBC MMA X-ray diffractometer (XRD) with 
CuK radiation (=1.5418 Å). Afterwards, tensile tests were performed to the as-
fabricated material and the one was better homogenized by the heat treatment, in order 
to evaluate the mechanical property improvement after the heat treatment. For each 
case, four tensile specimens were extracted from the middle section of the buildup 
walls, in order to obtain effective results. The tests were conducted using a MTS 370 
hydraulic load unit at a constant strain rate of 5×10-3 s-1 under room temperature. The 
gage volume of the tensile specimens is 10 mm × 2 mm × 1.5 mm. The fractured 
surfaces were investigated under SEM, and the microstructures near the fracture were 




Chapter 4 Microstructural evaluation and phase characterization 
 
4.1 Microstructural evaluation 
 
According to the feature of microstructure for buildup wall, the specimens can be 
divided into four sections: substrate, dilution zone, middle region and top region. In 
general, according to the previous study, the microstructure in the bottom dilution zone 
of sample fabricated via wire-arc additive manufacturing was relatively complex 
because of the diffusion of substrate material. It mainly presented slender dentrite 
perpendicularly to the substrate. With the increase of the deposition height, the buildup 
wall mainly normally exhibited large columnar grains in the vertical build up direction 
in the middle region. Moreover, due to the preheating effect of the former layers on the 
latter ones, the heat was accumulated gradually until a thermal balance was reached. As 
a result, the grains grew at almost the same speed along each direction, eventually 
forming the equiaxed crystal on the top region [92]. 
 
In order to detect the specific microstructure of Cu-Al samples, Leica® DMRM optical 
microscope was used in present research which is shown in Fig.4.1. By using grayscale 
mode, the precipitate and grain boundaries can be clearly observed. By contrast, 






Figure 4. 1 Leica® DMRM optical microscope 
 
 





Figure 4. 2 Macro and micro structures of the as-fabricated cross-section sample 
(Sample 1): (a) the macrostructure; (b) microstructure in top section; (c) 
microstructure in middle section; (d) microstructure near the boundary line between 
dilution area and base mat 
 
 
As shown in Fig.4.2a, the macrostructure of the Sample 1, there exhibits obvious 
shrinkage in the very bottom region, which decreases the effective width of the wall. 
This defect is caused by the difficulty to open the molten pool during the first few layers 
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of deposition due to the extremely high thermal conductivity of the copper substrate. 
The macrostructure of the as-fabricated buildup wall consists of large epitaxial 
columnar grains in the middle region (Fig.4.2c), and relatively equiaxed grains in the 
top region (Fig.4.2b). This is the typical grain structure generated by the WAAM 
process, which is basically a multi-pass arc welding process. The driving force for the 
columnar grain growth comes from the temperature gradient during each layer of 
deposition. Therefore, the preferred grain growth direction is along the buildup 
direction, which is perpendicular to the direction of solid-liquid interface. And as the 
buildup process continues, the melted metal in the subsequent deposition layers would 
continue to nucleate on the previous columnar grains and contribute to the grain growth 
[46]. 
 
Fig.4.2 d shows the microstructures near the boundary of substrate and buildup 
material. It clearly exhibits the crystal transformation from typical copper twinning in 
the substrate to remolten columnar grains in the dilution affected zone. The relatively 
small columnar grains above the boundary in Fig.4.2 d are the columnar prior grains 
function as the nucleuses of the following grain growth [93]. Although the buildup Cu-
Al alloy has low stacking fault energy and the high tendency to have twinning, no such 
structure is found in the buildup material under as-fabricated condition. This is because 
neither plastic deformation nor annealing with enough time duration was applied to 
Sample 1, although the multi-depositions of WAAM process can be considered as 





Figure 4. 3 Optical microstructures of Sample 2: (a) top section, (b) middle section, (c) 
bottom section; and Sample 3: (d) top section, (e) middle section, (f) bottom section 
 
The microstructures of Sample 2 and Sample 3 from top, middle and bottom sections 
are shown in Fig.4.3. Compared with Sample 1, there is very clear grain refinement 
tendency in the microstructures of all three sections. The specific grain sizes measured 
according to ASTM E23 standard have been listed in Tab. 3. Besides the grain 
refinement, some unique lath-shaped structures are shown in the right-hand side of 
Fig.4.3 e, which is the middle section of Sample 3. These lath-shaped structures are the 
annealing twins induced by the grain refinement annealing. Since no such structure is 
found in Fig.4.3b, the middle section of Sample 2, it proves that the heat treatment 
temperature at 900 °C has the capability of changing the microstructure of columnar 
Cu-Al alloy. This phenomenon indicates that with enough heat treatment, the 
microstructures in Cu-Al alloys fabricated by WAAM process can be refined. In 
addition, the grain boundaries of both Sample 2 and Sample 3 are much more tortuous 
than Sample 1 in all sections, this is the consequence of crystal boundary migration 





Table 3 The grain sizes of the three samples in top, middle and bottom section 
 Top  Middle  Dilution  
Sample 1 402 m 949 m 181 m 
Sample 2 312 m 802 m 144 m 
Sample 3 302 m 755 m 120 m 
 
 
Figure 4. 4 Microstructures near the top surface: (a) Sample 1; (b) Sample 2; (c) 
Sample 3 
 
Microstructures near the top surface of three cross-section samples are shown in Fig. 
4.4. The shear bands at the top of Sample 1 are induced by the grinding process. 
Theoretically, the shear bands should exist on each deposition layer. However, since the 
depth of the shear bands is very thin, it would be melted by the next layer of additive 
deposition process. Therefore, only the shear bands on the very top layer is observed in 
the entire buildup wall. In Fig.4.4 b and Fig.4.4 c, which are the microstructures near 
the top surface of Sample 2 and Sample 3, the shear bands have disappeared and 
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annealing twins are found in both photos, due to the homogenization annealing 
processes applied on the two samples. Compared with Sample 2, the annealing twins in 
Sample 3 are more complete and thorough since higher annealing temperature was 
applied. It can be seen that the annealing twins only exist on the very top surface rather 
than distributed in the entire sample. This is because the lattice structure of Cu-Al alloy 
is fcc structure, which has a strong inverse correlation of the twin density with the 
average grain size [94, 95]. As the columnar grains are much larger than the equiaxed 
grains, the twins can be barely found at other locations than the top surface. 
 
4.2 Phase characterization 
 
GBC® MMA X-ray diffractometer (XRD) with monochromatic Cu Kα radiation 
( =1.5418Å) was utilized to present phase characterization of Cu-Al annealed and non-
annealed specimens. For the specific parameters, the scanning angle was set from 30 to 
100 with 4 degree per minute and 0.02 step size. The voltage and loading current of the 
X-ray tube was 35kV and 28.6mA in this project.  
 
The testing of XRD mainly follows the Bragg’s law [96]: 
𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃ℎ𝑘𝑙 
in which 𝜆 is the wavelength of incident wave; hkl are the Miller indices of 
crystallographic planes of a crystalline phase; d is the interplanar spacing of specific hkl 





Figure 4. 5 GBC® MMA X-ray diffractometer (XRD) testing machine 
 
4.2.1 Result and discussion 
  
 




The XRD spectrums of Sample 1, Sample 2 and Sample 3 are shown in Fig.4.6. In 
Sample 1, three phases have been detected by the diffraction including simple substance 
Cu (PDF No.: 01-070-3038) in (111) and (200) planes, Al2Cu (PDF No.: 00-002-1309) 
in (402) and (521) planes, and Cu9Al4 (PDF No.: 00-024-1309) in (820) plane. As 
indicated by the intensity of peaks, the as-fabricated material mostly consists of Cu-Al 
solid solution and CuAl2 with a small amount of Cu9Al4. According to the binary phase 
diagram, when Al content is lower than 16.8 at. %, both copper and aluminum should 
be α-phase (fcc structure). The existence of the two intermetallic phases is caused by the 
instability nature of welding process and lack of further homogenization. Since the rapid 
cooling rate of arc welding process (17-20.6 C/s) [14], the aluminum liquid drop was 
solidified before diffusing into welding pool homogeneously. Thus, intermetallics, 
CuAl2 and Cu9Al4, were generated. As shown in the spectrums of Sample 2 and Sample 
3, after the homogenization annealing processes, both intermetallic Cu9Al4 and CuAl2 
experienced a significant decrease with the increase of annealing temperature. This 
phenomenon has also been observed during the Cu-Al alloy fabrication using powder 
metallurgy processes, in which the -CuAl2 and -Cu9Al4 were firstly generated when 
Cu and 14 at. %Al are mixed; then with the further proceeding of ball-milling and 
homogenization, the CuAl2 and Cu9Al4 transformed into Cu-Al solid solution alloy 
[81]. If insufficient energy is supplied during the fabricating process, CuAl2 and Cu9Al4 
would be produced in Cu-Al alloy even when the content of Al is lower than 2 at. %. 
[10]. In addition, oxides such as CuO and Al2O3 , which have been detected during the 
ball milling process [9], are not detected in our XRD patterns. This indicates a good 





Chapter 5 Composition and hardness 
 
5.1 Measurement of aluminous composition 
 
JEOL® JSM-6490LA scanning electron microscope (SEM) with OXFORD® X-Max
N 
energy disperse spectrometer (EDS) detector was used to measure the aluminium 
composition in Cu-Al welding sample. Three composition testing points were tested 
around the hardness testing point and the average of that was calculated. The error of 
composition measurement is approximately ±0.5 at.%. Additionally, in chapter 7, the 
metallographic photo of the surface of fractured tensile samples were also detected by 
this SEM machine.  
 
 









5.2 Hardness testing 
 
The hardness is a measure of how resistant solid matter is to various kinds of permanent 
shape change when a force is applied. It is one kind of intrinsic nature of material, 
which is mainly depended on the ductility, elastic stiffness, plasticity, strength and 
toughness. Because of the complex behavior of material under different type of force, 
the hardness measurements can be mainly divided into three types: scratch, indentation 
and rebound respectively. Indentation testing which is widely utilized in engineering 
and metallurgy fields was applied in present research. This method on the basic premise 
of measuring the critical dimensions of indentation pressed by a standard loaded 
indenter which is shown in Fig.5.2. The purpose of using indentation hardness measures 
is to measure the resistance of specimens about the material deformation caused by the 
constant compression load. Additionally, the result tested by indentation measurement 




Figure 5. 2 Pyramidal diamond anvil indenter [97] 
 
Vickers’s hardness test which was developed in 1922 by Smith and Sandland [98] is 
one of the typical indentation measurements. Compared with other methods, the 
Vickers’s test is relatively easier since the results acquired by calculations are 
independent of the size of the indenter and the indenter is capable to all materials 
irrespective of the intrinsically mechanical properties. The hardness number, known as 
the Vickers pyramid number (HV), is calculated by the load over the surface area of the 
indentation and it can be converted into units of pascals. A diamond in the form of a 
square-based pyramid whose opposite sides meet at the apex at an angle of 136 serves 
as the intender [99]. While the intender is pressed into the surface of material, the angle 





Figure 5. 3 Schematic of the theory of Vickers’s hardness measurement [100] 
 
 
Accordingly, the hardness number is calculated by the ratio of the force applied to the 
diamond in kilograms (F) and the surface area of the resulting indentation in square 








the conversion is according to the following equation: 
𝐴 =
𝑑2
2 sin 136° 2⁄
 
in which d represents the average length of the diagonal left by the indenter. In 





In present study, Struers® DuraScan-70 automatic hardness indenter with 1kg loading 
was applied for the Vickers hardness test. The photograph of machine was shown in 
Fig.5.4. Additionally, the indentation time was set at 7 seconds in order to ensure the 
accuracy of hardness testing. 
 
Figure 5. 4 Struers® DuraScan-70 automatic hardness indenter with 1kg loading 
 





Figure 5. 5 (a) Hardness along the centerline of cross-section samples; (b) Al content 
near the hardness testing points 
 
 
The hardness and Al content measurement of the cross-section samples as a function of 
the distance from top surface are shown in Fig.5.5. As shown in Fig.5.5b, the Al content 
in the dilution affected zone, from approximately 3 mm under the substrate surface to 5 
mm above the surface, is significantly unstable, which leads to the fluctuation of 
hardness correspondingly as shown in Fig.5.5a. This is mainly due to the combination 
of two factors: (1) much slower feed speed of pure Al wire compared to Copper wire to 
achieve desired composition; (2) the extremely high thermal conductivity of the copper 
substrate make it difficult for the tungsten torch to open the molten pool with adequate 
size in the first few layers. Both of two negative influences lead to large discontinuous 
Al droplet from the Al wire transforming into the molten pool. Therefore, the deposited 
liquid phase Cu would have already transformed into solid phase before the Cu and Al 
can be homogeneously mixed by the molten pool and the Al content of Sample 1 has a 




However, at middle and top region, the molten pool is generated on the Cu-Al mixture, 
which is more inclined to absorb Al material and has relatively lower thermal 
conductivity. Therefore, the chemical composition and hardness curves turn out to be 
relatively homogeneous after a few layers above the dilution affected zone. In addition, 
as presented in the previous research, during the WAAM process, a few previous layers 
will be remelted during the current layer of deposition, which also provides a chance to 
homogenize the chemical composition in the neighboring layers [11]. As a result, for 
the regions above the dilution effected zone, the Al content of the three samples are 
much more homogeneous and have a mean value of 8.9 at. %, which is very close to the 
designed value of 9 at. %.  
 
The average hardness of the three samples experiences an increasing trend with the 
increase of heat-treatment temperature, with 61.7 Hv, 75.1 Hv and 79.5 Hv respectively 
for Sample 1, Sample 2 and Sample 3. The improvement of hardness is due to the solid 
solution strengthening effect and the grains were also refined, as the detected 
intermetallics CuAl2 and Cu9Al4 transformed into Cu-Al solid solution during the 
annealing process. Furthermore, above the dilution affected zone, both heat treated 
specimens exhibit slightly higher hardness value at the top region due to smaller grain 
size at the top of the sample. There should be even higher hardness in the area of 
annealing twins near the top surface. However, in order to ensure the entire hardness 
indentation located inside of the cross-section sample, the hardness tests were applied 
from 0.5 mm under the very top surface. For the as-fabricated sample, however, the 




In addition, as shown in Fig. 5.5, higher Al content in the buildup Cu-Al alloy has led to 
higher hardness in the corresponding locations. This is due to the solution strengthening 
effect and the existence of CuAl2 and Cu9Al4 intermetallic phases, which possess higher 
hardness because of their intermetallic nature [102, 103]. The hardness of Cu-Al alloy 
fabricated by WAAM process is lower than those obtained from the reference work, in 
which the hardness and strength of Cu-Al solid solution are higher than copper. This is 
mainly due to the lack of further mechanical processing (such as rolling and pressing) to 
generate desired twin structure, which lead to material strengthening. 
 
 
Overall, Sample 3 showed better and more homogenized material properties. Therefore, 
the homogenization annealing method of Sample 3 has been chosen to further process 





Chapter 6 Tensile test 
 
Tensile testing is one of the technique to measure the mechanical properties. Normally, 
the sample for tensile testing is subjected to a controlled tension until failure. In 
practice, the result of tensile testing is mainly utilized to select a material for application 
and to predict how a material will be influenced by the forces. In tension testing, 
ultimate tensile strength, elongation and yield strength can be exhibited. In this respect, 









in which 𝐿0 is the original gauge length and 𝐿 is the finial length. At the same time, the 





where 𝐹𝑛 represents the tensile force while 𝐴 represents nominal cross-section of the 
specimen. According to these two data, the strain-stress curve can be graphed.  
 
In present study, the gauge volume for the tensile sample is 10mm2mm1.5mm. 
MTS370 load unit at 5×10-3s-1 strain rate was used for tensile testing at the room 







Figure 6. 1 MTS370 tensile testing machine 
 
 
6.1 Result and discussion 
 
The room temperature ultimate tensile strength (UTS), 0.2% offset yield strength 
(0.2%YS) and the elongation of as-fabricated sample and the sample annealed at 900 C 
for 2 hours are summarized in Tab. 3. It can be observed that the UTS and 0.2% YS 
have experienced a slight increase after the heat treatment, from 231 MPa to 241 MPa 
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and from 63 MPa to 67 MPa respectively. In addition, the elongation has increased 13% 
from 63% in the as-fabricated sample to 76% in the annealed sample. The 
improvements of UTS and 0.2%YS are mainly due to the grain refinement and further 
solid solution effect happened during the annealing. 
 
As Al has the property of decreasing the stacking fault energy in solid solutions [106], 
the improvement of elongation is partially contributed by the increase of twinning 
activity due to the decline of stacking fault energy. During plastic deformation, material 
with low stacking fault energy is more inclined to produce twin and twinning 
mechanism can also support further deformation, which leads to the improvement of 
elongation [87]. The similar result was also reported in previous work that twin 
improves the strength and ductility simultaneously during tensile testing [107]. 
 
 
Table 4 Tensile test results of samples under as-fabricated and 900 C for 2 h 




As-fabricated 231 ±2.5 63 ±2.1 63 ±4.0 






Figure 6. 2 SEM micrographs of fractures: (a) as-fabricated; (b) 900 C for 2 h 
 
The fracture surfaces of the as-fabricated and annealed samples are shown in Fig.6.2. 
Typical ductile fractures have been found in the surfaces. This is as expected since the 
elongations of the samples are very high. The fracture surface of the as-fabricated 
specimens mainly consists of shear dimples with a few equiaxed dimples near the edge 
of the fracture, while in the annealed sample only equiaxed dimples exist. These 
characteristics have in another way proved that the homogenization annealing has 
improved the ductility of the Cu-Al alloy. Therefore, for the Cu-Al alloy fabricated by 
WAAM process, homogenization annealing process is necessary for obtaining the more 





Figure 6. 3 Optical microstructures of tensile samples: a) as-fabricated sample; b) 900 
C for 2 h 
 
The optical microstructures of as-fabricated and annealed at 900C samples after tensile 
testing at the room temperature are presented in Fig.6.3. Shear bands with parallel strips 
are observed in the as-fabricated sample as shown in Fig.6.3 (a), while the shear bands 
in the annealed sample are step-shaped and disordered, which can be seen in Fig.6.3 (b). 
Normally, shear bands are developed after the sever plastic deformation (tensile test is 
one type of plastic deformation) for the ductile material as it mainly caused by intense 
shearing strain. Thus, the higher density of shear bands in the annealing sample proves 
that sample annealed at 900C possesses higher ductility than the as-fabricated one. It is 
consistent with the elongation calculated by S-S curve. 
 
Furthermore, a wide range of polycrystalline alloys deform through shear caused by 
shear bands. To some extent, these phenomena show the anisotropy of material at the 
grain scale, which is corresponding to the microstructures of Cu-Al buildup wall. In 
addition, in 2016, Wei et. al reported the microstructure and tensile properties of Cu-Al 
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solid solution with different SFE [108]. They also found shear bands developed after 
equal channel angular pressing (ECAP) and cryoECAP. It was indicated that the shear 
bands generated via post work in Cu-Al alloy are clusters of deformation twin by TEM 
observation. With the lower of SFE, the density of twins in shear bands is higher. Thus, 
according to the optical microstructure, the present study speculates that the density 
twin in annealing sample is higher than the as-fabricated one because of higher content 








Chapter 7 Conclusion and future work 
 
The final chapter mainly presents a general conclusion of this thesis and provides 
recommendations of the potential future work related to Wire-Arc Additive 
Manufacturing (WAAM) systems according to the review of current stage and outcome 
of present subject. 
 
7.1 Conclusion  
 
This thesis presents the feasibility study of in-situ producing Cu-Al alloy using twin 
wire WAAM process. The present research has opened a gate of in-situ fabrication of 
Cu-Al alloy with target chemical composition and full-density using additive 
manufacturing process. In order to obtain better and more homogenized material 
properties, homogenization annealing processes were applied to the as-fabricated 
deposit. Afterwards, the microstructure, phase characterization and mechanical 
properties were tested and reported. 
 
A general conclusion of the results acquired from the present study is listed below: 
 
Initially, referring to the conventional welding process and the properties of copper and 
aluminum, the setup including the software and hardware of WAAM system was 
completed. In terms of the specific parameters, the deposition current was 160A and the 
arc length was 3.5 mm, to ensure sufficient local heat input for opening the molten pool 
on the pure copper substrate; the wire-feed speeds of Cu and Al wires were 1300 
mm/min and 311 mm/min, respectively; the average deposition energy was controlled at 
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20.2 kJ/g in order to ensure the deposition stability and the travel speed was set at 95 
mm/min; in order to open the molten pool on the copper plate, the interpass temperature 
was set at 400C. Additionally, to prevent the copper substrate from being penetrated 
and deformed by the high-energy torch, the substrate was fixed on a 5 mm DH36 steel 
plate. The appropriate setup guaranteed the 15-layer Cu-Al wall fabricated successfully. 
 
Subsequently, considering the high cooling rate of welding process, this thesis 
compared as-fabricated and annealed buildup wall via investigating their microstructure 
and phase characterization. In terms of the microstructure, all samples exhibited large 
columnar grains in the middle region, while the relatively equiaxed grains were detected 
in the top region. However, the grain size of annealed sample was relatively lower than 
the counterpart of as-fabricated sample, which illustrated the refinement function of 
annealing process. Moreover, it is interesting to note that annealing twin crystal was 
observed at the very top region of annealed sample. The deformation of twin crystal was 
due to the low SFE of Cu-Al. Phase characterization of three types of specimens was 
investigated. It showed that after the homogenization annealing processes, the impurity 
phases Cu9Al4 and CuAl2 were reduced with the increasing annealing temperature.  
 
Furthermore, according to the measurement, for the regions above the dilution effected 
zone, the Al content of the three samples are much more homogeneous and had a mean 
value of 8.9 at. %, which was very close to the designed value of 9 at. %. It to some 
extent verified the feasibility of WAAM to fabricated Cu-Al with stable composition. 
On the other hand, the average hardness of the three samples experienced an increasing 
trend with the increase of heat-treatment temperature, with 61.7 Hv, 75.1 Hv and 79.5 




In addition, the room temperature ultimate tensile strength (UTS), 0.2% offset yield 
strength (0.2%YS) and the elongation as-fabricated sample and the sample annealed at 
900 C for 2 hours were summarized. It could be observed that the UTS and 0.2% YS 
have experienced a slight increase after the heat treatment, from 231 MPa to 241 MPa 
and from 63 MPa to 67 MPa respectively. In addition, the elongation has increased 13% 
from 63% in the as-fabricated sample to 76% in the annealed sample.  
 
Generally, the WAAM process has proved its capability of in-situ producing Cu-Al 
binary alloy with pre-designed chemical composition. Under as-fabricated condition, 
intermetallic phases such as CuAl2 and Cu9Al4 were detected in the deposit. After 
homogenization annealing processes, contents of the intermetallics were decreased with 
the increase of annealing temperature. Also, the mechanical properties of the Cu-Al 
alloy, hardness, ultimate tensile strength, yield strength and elongation, were increased 
by the homogenization annealing processes. And with higher annealing temperature, the 
improvements of mechanical properties were more obvious. 
 
7.2 Future work  
 
The present research has made progress in successfully applying the Wire-Arc Additive 
Manufacturing (WAAM) process for in-situ fabricating the copper-rich Cu-Al alloy 
with designed composition. However, further understanding of Cu-Al binary alloy and 
development of WAAM system are desired in the future work. Thus, the 




The further post fabrication processes such as cold works to refine the grain size of 
buildup Cu-Al component is desired. As presented in the experimental results, the grain 
inside the Cu-Al based buildup components are all extremely large columnar grains, 
although the grains were refined via deformation annealing twin crystal in the very top 
region. The large grain size leads to the weak hardness of sample. With low SFE, Cu-Al 
solid solution is capable to generate deformation twin which can acquire nano-level 
crystal. On such occasion, the hardness and tensile strength can be increased extremely.  
 
The study on the samples after tensile test is also another research direction. Tensile 
testing is one kind of plastic deformation and deformation twin can be obtained after 
tensile test. Thus, hardness test can be utilized again for the tensile samples to compare 
transformation of mechanical properties. In addition, TEM and EBSD method can be 
used for analyzing the texture and preferred direction of twin crystal in order to 
understand the theory of generating deformation twin. 
 
Moreover, temperature gradient can be extended as well as the time in annealing 
process. For instance, the time of annealing process can be increased to 8h even 16h, 
while the annealing temperature can be set at 950C or 1000C. In this respect, more 
appropriate annealing process can be acquired through comparing the various group 
samples. 
 
In terms of the WAAM process, further development for the current parameters is 
needed. As shown in the present research, further development of the WAAM process 
in specific areas such as interpass temperature control, gas shielding and integrating the 
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